The 3;8 chromosomal translocation, t(3;8)(p14.2;q24.1), was described in a family with classical features of hereditary renal cell carcinoma. Previous studies demonstrated that the 3p14.2 breakpoint interrupts the fragile histidine triad gene (FHIT) in its 5 noncoding region. However, evidence that FHIT is causally related to renal or other malignancies is controversial. We now show that the 8q24.1 breakpoint region encodes a 664-aa multiple membrane spanning protein, TRC8, with similarity to the hereditary basal cell carcinoma͞segment polarity gene, patched. This similarity involves two regions of patched, the putative sterol-sensing domain and the second extracellular loop that participates in the binding of sonic hedgehog. In the 3;8 translocation, TRC8 is fused to FHIT and is disrupted within the sterol-sensing domain. In contrast, the FHIT coding region is maintained and expressed. In a series of sporadic renal carcinomas, an acquired TRC8 mutation was identified. By analogy to patched, TRC8 might function as a signaling receptor and other pathway members, to be defined, are mutation candidates in malignant diseases involving the kidney and thyroid.
The 3;8 chromosomal translocation, t(3;8)(p14.2;q24.1), was described in a family with classical features of hereditary renal cell carcinoma (RCC), i.e., autosomal dominant inheritance, and early onset and bilateral disease (1) . The translocation and RCC segregated concordantly, and a follow-up analysis reported the occurrence of thyroid cancer in two translocation carriers with RCC (2) . Frequent 3p loss of heterozygosity in sporadic RCC led to the initial assumption that a critical tumor suppressor gene (TSG) would be located at 3p14. However, identification of the von Hippel-Lindau (VHL) gene at 3p25 (3) , which frequently is mutated in RCC, provided an alternative explanation for at least some observed 3p loss of heterozygosity. Also, van den Berg and Buys (4) subsequently have reported that region 3p21 may be a target involved in the malignant progression of renal tumors.
Within 3p14, Ohta et al. (5) identified the fragile histidine triad gene (FHIT), which was interrupted in its 5Ј untranslated region by the 3;8 translocation. The human gene, like its yeast homologue, encodes diadenosine-5Ј,5ЈЈЈ-P 1 ,P 3 -triphosphate hydrolase activity (6) , an unprecedented TSG function. Although several reports have described FHIT alterations in diverse carcinomas by using nested reverse transcriptase-PCR (RT-PCR) (5, (7) (8) (9) (10) , other results have been contradictory (11) (12) (13) (14) (15) (16) (17) . In fact, most FHIT abnormalities occur in the presence of wild-type transcripts and result from low-abundance splicing alterations, similar to those seen for TSG101 (13, 18) . We described a series of 3p14 homozygous deletions, primarily in cervical and colorectal carcinoma cell lines, which coincided with FRA3B, the most inducible fragile region in the genome (14) . Interestingly, p53 alterations appeared to be a prerequisite. The proximity of FHIT exon 5 with FRA3B suggested that its loss might be primarily related to genomic instability in contrast to negative selection during tumor development (14) .
These results made FHIT an unlikely, or at least suspect, causative gene in the hereditary t(3;8) family and led us to continue a search for alternatives. We noted that FHIT, in one parotid adenoma, underwent fusion with the high mobility group protein gene (HMGIC), the causative gene in a variety of benign tumors (19) . In fact, other HMGIC translocations with unrelated genes indicated that FHIT could be a bystander in this fusion. However, it suggested that the 3;8 translocation might fuse FHIT to an alternative candidate gene on chromosome 8. By using 5Ј rapid amplification of cDNA ends (RACE) (20), we were able to identify a gene, TRC8, which was related to the Drosophila segment polarity gene patched. In addition to being the receptor for sonic hedgehog (21, 22) , patched is responsible for both hereditary and sporadic basal cell carcinomas as well as medulloblastomas (23) (24) (25) . Together with the identification of a TRC8 mutation in a sporadic renal carcinoma, our results indicate that TRC8 may define an additional pathway of mutations leading to the development of renal and thyroid cancer.
MATERIALS AND METHODS
Tumors, Cell Lines, and Genomic Clones. Tumor cell lines were obtained from the American Type Culture Collection, and somatic cell hybrids were generated by us previously (26) . The hybrids TL12-8 and 3;8͞4-1 contain the der(3) and der (8) chromosomes, respectively, from the t(3;8) lymphoblastoid cell line TL9944 (without either normal 3 or 8 chromosomes). The human lymphoblastoid line AG4103 served as a normal control. Isolation of DNA and RNA was performed by using standard methods. The HD-7 genomic phage clone carrying the 3;8 translocation breakpoint from the der(8) chromosome was isolated from a library prepared from the TL9944 cell line in FIXII (Stratagene). A chromosome 3 probe (4040; ref. 27) , which maps just distal to the 3;8 breakpoint and detects the rearrangement, was used for screening this library. high GC content present in a 300-bp segment near the amino terminus of TRC8, PCRs for primer sets 1, P2, and P3 contained 2.5 M betaine (30) . Reaction products were mixed 50:50 with denaturing dyes (95% formamide, 10 mM NaOH, 20 mM EDTA, 0.02% bromophenol blue, and 0.02% xylene cyanol) and heated to 95°C for 5 min immediately before loading. Samples were separated at 8 W for 16 hr on 0.5ϫ MDE (FMC) gels containing 0.6ϫ Tris-borate buffer and 10% glycerol. Bands were visualized by silver staining.
RESULTS
Identification and Sequence Analysis of TRC8. To test for a possible fusion gene, RNA was isolated from TL9944 lymphoblastoid cells carrying the 3;8 translocation and subjected to RACE. The t(3;8) breakpoint interrupts FHIT between exons 3 and 4. Therefore, 5Ј RACE products were generated by using nested primers within exon 4. Although the cloned amplification products were identified by hybridization to an internal FHIT exon 4 oligonucleotide (R4), nearly 80% of these clones were negative for a FHIT exon 3 oligonucleotide (F4) suggesting they might represent a gene fusion. Twelve such clones were further examined by DNA sequencing, and nine were found to contain an identical novel sequence spliced exactly to the 5Ј end of FHIT exon 4. Mapping studies confirmed that the sequences were derived from chromosome 8 (see below). We refer to this gene as TRC8 for translocation in renal cancer from chromosome 8.
The coding region of TRC8 was determined from multiple cDNA clones and PCR products isolated from a human fetal brain library (Stratagene) plus IMAGE clone 331H8 identified from dbEST. Additional genomic sequences extending approximately 2.1 kb upstream of the first in-frame methionine were obtained from phage HD7, which contains both chromosome 3 and 8 material spanning the 3;8 breakpoint. The cDNA sequence contains a predicted 1,992-bp ORF encoding 664 amino acids (Fig. 1 A) . The upstream cDNA and genomic sequences are GC-rich, indicative of a CpG island. The 5Ј most cDNA clone extended to position Ϫ286 bp, and additional RACE experiments failed to extend this further. Using a promoter prediction program (http:͞͞www-hgc.lbl.gov͞ projects͞promoter.html), four transcriptional start sites were located at Ϫ622, Ϫ55, Ϫ36, and Ϫ22 bp of the first methionine. The Ϫ22 site corresponded precisely to the two longest RACE products. Thus, it appears that multiple transcription start sites are used.
The ORF is predicted to encode a 664-aa protein of 76 kDa with 10 membrane-spanning segments (Fig. 1B) . TRC8 contains two regions of similarity with patched, the receptor for sonic hedgehog (SHH) (21, 22) . The region from amino acids 344-443 shows the strongest match with 60% similarity and 23% identity (Fig. 1C) . The corresponding segment of patched spans amino acids 883-979 and represents most of the second predicted extracellular domain involved in the binding of SHH (21) . A second region of patched similarity involves amino acids 22-179 and encodes a putative sterol-sensing domain (SSD), Fig. 1D . Such domains have been identified in hydroxymethyl glutaryl (HMG)-CoA reductase and the sterol regulatory element binding protein (SREBP) cleavage activating protein (SCAP) (31) . Patched contains a putative SSD, of unknown function, from amino acids 440 to 600 (32, 33) . This region is 53% similar͞17% identical to the SSD of HMG-CoA reductase (34) ; the corresponding region from TRC8 shows 63% similarity͞17% identity. We surmise, based on the multiple TMs and regions of patched similarity, that TRC8 encodes a membrane-bound receptor.
In addition, a perfect match with a ring-finger motif of the RING-H2 subtype (35) was found between amino acids 547 and 585. The RING-H2 motif (CX 2 CX 9 -27 CXHX 2 HX 2 CX 6-17CX 2 C) differs from the standard RING finger by replacement of the fourth cysteine with a histidine. Functionally, RING-H2 motifs have been suggested to be protein-protein or protein-lipid interaction domains (35) . We also observed that TRC8 is highly conserved among mammals. This finding was evident from two murine expressed sequence tags (dbEST clones mu78h12 and vl43c01) found to be 93% and 89% identical, respectively, at the nucleotide level over 971 bp.
Expression of TRC8. Hybridization of TRC8 to a Northern blot (CLONTECH) prepared from adult human tissues and placenta identified a message of approximately 3.0 kb (Fig.  2A) . Although our longest cDNA clones total 2.5 kb, use of the Ϫ622-bp promoter, as discussed above, would result in a 2.9-kb message, close to the observed size. Although expression in the lung and kidney appeared reduced, hybridization with a control glyceraldehyde-3-phosphate dehydrogenase probe (data not shown) indicated that there was less RNA present in these samples. A human RNA dot blot (RNA Master blot, CLON-TECH) revealed TRC8 message in all tissues examined (Fig.  2B) with the highest levels in testis (D1), placenta (F4), and adrenal (D5). TRC8 is expressed in both fetal (G3) and adult kidney (E1) and in adult thyroid (D6), the suspected target organs for TRC8 aberrations in the 3;8 translocation family.
FIG. 2. Analysis of TRC8 expression by Northern (A) and dot blot (B). (A)
Gel resolved polyadenylated RNA (2 g) from adult human tissues (CLONTECH) was hybridized under recommended conditions with a 1.5-kb 3Ј TRC8 cDNA encompassing most of the TMs and the ring finger (bp 83-1623). A second, largely nonoverlapping probe (bp 1446-2212) yielded essentially the same pattern. The filter was exposed for 18 hr at Ϫ80°C. (B) A CLONTECH human RNA master dot blot was hybridized with the same probe as in A under recommended conditions and exposed for 15 hr. Final wash conditions were 0.1ϫ standard saline citrate, 0.5% SDS at 55°C for 20 min. Signals were collected on a Molecular Dynamics PhosphorImager. Blank positions included B8, F5-F8, and G8. Central nervous system tissues (A1-A8 and B1-B7) included (in order) whole brain, amygdala, caudate nucleus, cerebellum, cerebral cortex, frontal lobe, hippocampus, medulla oblongata, occipital lobe, putamen, substantia nigra, temporal lobe, thalamus, sub-thalamic nucleus, and spinal cord. Musculature and digestive tissues (C1-C8) included heart, aorta, skeletal muscle, colon, bladder, uterus, prostate, and stomach. Secretory tissues (D1-D8) included testis, ovary, pancreas, pituitary, adrenal, thyroid, salivary, and mammary glands. Miscellaneous tissues (E1-E8 and F1-F4) included kidney, liver, small intestine, spleen, thymus, peripheral leukocytes, lymph node, bone marrow, appendix, lung, trachea, and placenta. Fetal tissues (G1-G7) included brain, heart, kidney, liver, spleen, thymus, and lung. All control spots (yeast and Escherichia coli RNAs, human Cot1, and total human DNAs) were blank (not shown).
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Mapping of TRC8. TRC8 sequences were localized to the immediate region of the breakpoint on chromosome 8 by both PCR and Southern blot analysis of hybrids, yeast artificial chromosome (YACs), and phage clones (Fig. 3) . Primers derived from the 5Ј coding portion of TRC8 yielded the expected product in the chromosome 8-only hybrid (Fig. 3A , lane 4) but not in a chromosome 3-only hybrid (lane 3). The same product was also present on the der(8) but not the der(3) chromosome from the 3;8 translocation. Similarly, the 8q24 YAC 880A9 was positive as was the lambda clone, HD7, which contained both chromosome 8 and 3 material from the breakpoint junction. Southern blot analysis (Fig. 3B) demonstrated that the remaining 3Ј portion of TRC8 was contained on the der(3) chromosome (lane 5). Notably, the probe hybridized to an altered band (arrow) in the der(3) hybrid consistent with the t(3;8) rearrangement. Together, these data indicate that TRC8 is localized to 8q24 and is interrupted by the 3;8 translocation and that its 5Ј to 3Ј orientation is centromere to telomere.
Both Reciprocal Products are Expressed in t(3;8) Lymphoblastoid Cells. To determine whether both reciprocal products were expressed, we performed RT-PCR analysis on RNA isolated from TL9944 lymphoblastoid cells carrying the 3;8 translocation. Primers that flanked the breakpoint and were specific for the 5Ј and 3Ј portions of either TRC8 or FHIT were used. As can be seen in Fig. 4 , primers specific for wild-type FHIT and TRC8 generated bands of the expected size from both t(3;8) and control RNAs. In contrast, the 5Ј TRC8 primer together with the 3Ј FHIT primer produced a product only from the (3;8) translocation cell line. Similarly, the reciprocal 5Ј FHIT͞3Ј TRC8 product also was observed only in the translocation line. No products were detected in the absence of RT. Sequence analysis (Fig. 4B ) confirmed that these unique RT-PCR products contained fusions of TRC8 and FHIT sequences, as expected. Thus, although FHIT is interrupted in its 5Ј untranslated region, its complete coding sequence is contained in the product from the der(8) chromosome. In contrast, TRC8 is interrupted within the predicted SSD.
A Tumor-Specific Mutation in Sporadic RCCs. An SSCP analysis was performed by using 12 primer pairs covering the coding sequence and the 5Ј untranslated region in 32 renal carcinomas. A duplication of 12 nucleotides in the 5Ј untranslated region was identified in one tumor that was absent in matched normal DNA and is thus tumor specific (Fig. 5A, lane  5) . This mutation was verified by multiple separate PCR amplifications, SSCP analyses and sequencing, as well as by the use of an alternative primer set, thus eliminating the possibility of a PCR artifact. The duplication (Fig. 5B ) was found to occur in a consistent RNA stem loop structure predicted by the GCG program MFOLD in both energetically optimal and all suboptimal folds.
DISCUSSION
The relationship between the 3;8 translocation and kidney cancer has been a long-term project of this laboratory (27, (36) (37) (38) and the source of considerable interest among investigators seeking to identify a 3p TSG. Although the 3p14 FHIT gene was postulated to be a tumor suppressor (5, 39, 40) , this role was questioned (41) based on its biochemical function as a di-adenosine hydrolase (6) combined with the lack of substantial mutations in tumors and the fact that most reported PCR alterations resulted from low-abundance splicing variations (11, (13) (14) (15) 17) . Moreover, there is little support for the involvement of FHIT in renal cancers (16, 42) . Similarly, the reintroduction of FHIT into tumorigenic cell lines was inconsistent in suppressing tumors, including the fact that a hydrolase ''dead'' mutant appeared active (39) . Otterson et al. (43) introduced FHIT into six carcinoma cell lines and observed no effects on proliferation, morphology, cell-cycle kinetics, or tumorigenesis. Also, there was no correlation between the presence of truncated RT-PCR products and FHIT protein.
We identified a series of 3p14 deletions, many not involving FHIT exons, which overlapped FRA3B in various carcinoma (36) and from a control breast carcinoma cell line (HTB121) were treated with or without RT, as indicated (ϩ or Ϫ) and analyzed for expression of FHIT and TRC8 by PCR. Four primers specific for 5Ј and 3Ј portions of each gene, F1 and R1 for FHIT and R-M and EMR for TRC8, were used in combination to detect both wild-type and putative chimeric transcripts. The FHIT primer pair generated a product of the expected size (231 bp) as did the TRC8 primer pair (651 bp). Reciprocal chimeric products were amplified by using R-M plus R1 for 5Ј TRC8͞3Ј FHIT and F1 plus EMR for 5Ј FHIT͞3Ј TRC8. Predicted sizes of the chimeric products are 188 and 694 bp, respectively. (B) Sequences of 3;8 chimeric transcripts. The RT-PCR-amplified cDNAs in lanes 11 and 15, corresponding to the reciprocal chimeric transcripts, were purified and sequenced on both strands. Forty bp surrounding the boundary between FHIT exons 3 and 4 are shown with FHIT sequences italicized. The precise position of the fusion on both TRC8 and FHIT transcripts is indicated. cell lines (14) . However, spontaneous deletions also were observed in nontumor backgrounds, and we proposed that the deletions were the result of genomic instability. Although another 3p14 gene might exist, our sequence data totaling 160 kb from FRA3B (14) (plus GenBank updates AF023460 and AF023461) together with 135 kb of nonoverlapping sequence from Inoue et al. (44) did not identify any additional definitive genes.
The observation that FHIT was involved in a translocationderived fusion with HMGIC (19), the causative gene in a variety of benign tumors, led us to consider that the same event might have occurred in the 3;8 translocation. By using RACE, we were able to identify an additional gene, TRC8, from the 8q24 breakpoint. TRC8 encodes a predicted 664-aa, multitransmembrane protein with similarity to patched. This similarity includes the second extracellular domain of patched, which is involved in binding sonic hedgehog, as well as its putative SSD. In addition, the first 480 amino acids of TRC8 and amino acids 440-1100 of patched share an organizational similarity (Fig. 1B) . This similarity begins with the common SSD, followed by the divergent region that is nonconserved among patched homologues (45) , and finally by the conserved second extracellular loop. TRC8 lacks the first extracellular loop of patched and likewise shows no similarity after the second extracellular loop. Therefore, although TRC8 has similarity to patched and is predicted to be a plasma membrane protein by PSORT (46), it is not the type of direct homologue as is the Patched 2 gene, for instance (45) .
TRC8 may be the critical gene in the 3;8 translocation based on the following: (i) its similarity to patched, which in turn is responsible for the hereditary basal cell carcinoma syndrome (23, 25) , (ii) the preservation and expression of FHIT coding sequences in 3;8 translocation containing cells (in contrast to the disruption of TRC8 coding sequences), and (iii) its demonstrated mutation in a sporadic renal carcinoma. How TRC8 may function in human tumorigenesis is presently unknown. In human basal cell carcinomas, PATCHED appears to function as a recessive TSG (reviewed in ref. 47 ). However, medulloblastomas (or perhaps the precursor cell proliferations) occurring in mice heterozygous for a ptc mutation might develop without the requirement for loss of the remaining allele (24, 47) . In tumors from the 3;8 translocation family, we do not know whether the wild-type allele was lost. A screen of TRC8 in sporadic renal carcinomas by SSCP demonstrated a mutation in one tumor (Fig. 5A) . In that sample, very little of the wild-type heteroduplex product can be seen. This rearrangement resulted in an insertion of 12 bp in the tumor, which was not present in the corresponding normal DNA of that patient. This insertion occurs in a consistently predicted stem-loop structure in the 5Ј untranslated region. The consequence of this insertion conceivably affects either transcription or translation. Although the frequency of TRC8 mutations in spontaneous tumors appears low, it is possible this finding is reminiscent of the mutation frequencies observed in BRCA1 and BRCA2 (48, 49) . We believe the most exciting aspect of our findings is that TRC8 appears to define an additional mutation pathway in renal and thyroid cancers. Whether it functions in some analogous way to patched or is involved in other developmental processes remains to be determined.
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